Enterovirus A71 (EV-A71) is a positive-strand RNA virus that causes hand-foot-mouth disease and neurological complications in children and infants. Although the underlying mechanisms remain to be further defined, impaired immunity is thought to play an important role. The host zinc-finger antiviral protein (ZAP), an IFN-stimulated gene product, has been reported to specifically inhibit the replication of certain viruses. However, whether ZAP restricts the infection of enteroviruses remains unknown. Here, we report that EV-A71 infection upregulates ZAP mRNA in RD and HeLa cells. Moreover, ZAP overexpression rendered 293 T cells resistant to EV-A71 infection, whereas siRNA-mediated depletion of endogenous ZAP enhanced EV-A71 infection. The EV-A71 infection stimulated site-specific proteolysis of two ZAP isoforms, leading to the accumulation of a 40 kDa N-terminal ZAP fragment in virus-infected cells. We further revealed that the 3C protease (3Cpro) of EV-A71 mediates ZAP cleavage, which requires protease activity. Furthermore, ZAP variants with single amino acid substitutions at Gln-369 were resistant to 3Cpro cleavage, implying that Gln-369 is the sole cleavage site in ZAP. Moreover, although ZAP overexpression inhibited EV-A71 replication, the cleaved fragments did not show this effect. Our results indicate that an equilibrium between ZAP and enterovirus 3Cpro controls viral infection. The findings in this study suggest that viral 3Cpro mediated ZAP cleavage may represent a mechanism to escape host antiviral responses.
INTRODUCTION
Enteroviruses (EVs), belonging to the family Picornaviridae, are small RNA viruses with a single, positive-stranded RNA genome which encodes a single polyprotein precursor [1] . Poliovirus (PV), coxsackievirus A (CVA), coxsackievirus B (CVB), echoviruses (Echo) and several enteroviruses are the most extensively studied picornaviruses capable of infecting humans [2] . Particularly, EV-A71 of the Enterovirus genus family is a causative agent of hand-foot-mouth disease (HFMD) in young children and infants, and perhaps the most feared by humans because its infection can lead to various neurological complications or even fatal diseases [3] . The polyprotein encoded by the~7.4 kb genome of EV-A71 is proteolytically cleaved to various structural (VP1, VP2, VP3, and VP4) and nonstructural (2A, 2B, 2C, 3A, 3B, 3C, and 3D) viral proteins [1] . The crucial 3C shares similar spatial structures among all picornaviruses, and it is becoming apparent that 3C plays a remarkable role in the viral life cycle and virus-host interactions. 3C is believed to have two functions during viral RNA synthesis: precursor cleavage and RNA-binding. Recent reports show that EV-A71 3C can induce the cleavage of certain cellular factors required for transcription, translation and nucleocytoplasmic trafficking to modulate cell physiology for viral replication [4] [5] [6] [7] [8] [9] .
The zinc-finger antiviral protein (ZAP, also known as PARP13/ZC3HAV1) was revealed as a host factor that confers resistance to the replication of Moloney murine leukemia virus (MMLV) [10] . ZAP has been reported to inhibit the replication of a number of RNA viruses, including positive-stranded RNA viruses (Alphavirus of Togaviridae and Flavivirus of Flaviviridae), negative-stranded RNA viruses [Filoviridae Ebola virus (EBOV) and Marburg virus (MARV)] and retroviruses [Retroviridae human immunodeficiency virus (HIV), xenotropic murine leukemia virusrelated virus (XMRV), Hepadnaviridae hepatitis B virus (HBV)] in human cell lines [10] [11] [12] [13] [14] [15] . A recent study reported the antiviral function of ZAP on CVB3, a member of Enterovirus genus [16] . However, expression of ZAP appears not to induce a broad spectrum antiviral effect because some viruses including vesicular stomatitis virus (VSV), poliovirus and yellow fever virus grow normally in ZAP-overexpressed cells [12] . Two major isoforms of human ZAP exist, the full length ZAPL (101.431 kDa) and the truncated ZAPS (77.903 kDa) [11] . Both isoforms lack poly (ADP-ribose) polymerase (PARP) activity with ZAPS completely lacking a PARP domain. The ZAPL protein contains an N-terminal CCCH domain (aa1-240), internal TPH and WWE motifs (aa241-700), and the C-terminal PARP domain (aa701-902). Most of the previously reported studies on ZAP antiviral activities were focused on ZAPS [10, 12, 15, [17] [18] [19] [20] [21] [22] . Given that ZAPL contains all the sequences of ZAPS, it is reasonable to speculate that ZAPL shares the antiviral activities and mechanisms as does ZAPS. In this report, ZAP refers to ZAPL and ZAPS, and both have been investigated in our study.
In the present study, we demonstrate that EV-A71 reduces the protein expression level of ZAP in infected cells. Such effect requires 3C-mediated cleavage of ZAP. We further provide evidence that the protease activity of 3C is essential for ZAP cleavage. We also demonstrate that ZAP cleavage is dependent on its amino acid pair Q369 and G370. Because 3C antagonises the antiviral activity of ZAP, EV-A71 replication is only moderately inhibited by ZAP. Of note, while wild-type ZAP limits EV-A71 replication, cleaved ZAP has no activity.
RESULTS
Moderate effect of ZAP expression on EV-A71 replication Our initial work indicated that ZAP mRNA in 293 T cell was significantly up-regulated during EV-A71 infection (data not shown). We therefore analysed whether EV-A71 infection affects ZAP expression in different cell lines. RD and HeLa cells were infected with EV-A71, and ZAPL mRNA levels were detected by real-time PCR. The results show that the ZAPL mRNA level was increased about threefold following EV-A71 infection (Fig. 1a) . We subsequently analysed whether ZAP inhibits EV-A71 replication. HeLa cells were transfected with pCAGGS or ZAPL. At 12 h after transfection, cells were mock infected or infected with EV-A71. At different time points post-infection, cell lysates were analysed by Western blot or RT-PCR. The quantification of protein levels was analysed with Image J software. As shown in Fig. 1(b, c) , EV-A71 VP1 and 3C, indicative of viral replication, were reduced when ZAPL was overexpressed. Consistently, RT-PCR analysis, ZAPL inhibited EV-A71 replication (Fig. 1d) . To substantiate the inhibitory activity of ZAP against EV-A71 replication, the endogenous ZAPL was knocked down in 293T cells using siRNA, and the effects on the viral protein levels were evaluated. In accordance with the above-mentioned results, downregulation of ZAPL facilitated viral protein production (Fig. 1e, f) . These results indicate that ZAP inhibits EV-A71 replication.
Identification of ZAP as potential target for EV-A71 3Cpro cleavage in mammalian cells 3Cpro can induce the cleavage of certain cellular factors for viral replication. We wondered whether EV-A71 3C mediates the cleavage of ZAP. Cells were transfected with Flag-3C along with ZAP. At 36 h after transfection, cell lysates were subjected to assess 3C-mediated cleavage by Western blot analysis. The results show that Flag-3C induced the cleavage of ZAPL and ZAPS. Fig. 2(a) illustrates that Flag-3C reduced ZAP expression compared with the pCAGGS control (comparison between lanes 1 to 2, and between lanes 3 and 4). This paralleled with the appearance of a smaller protein band (40 kDa) (Fig. 2a , lane 2 and 4) and a protein band (60 kDa) (Fig. 2b, lane 1) . Further analysis indicated that EV-A71 3C acted in a dose dependent manner (Fig. 2c, d ).
On the other hand, we assessed the impact of EV-A71 3C on endogenous ZAP. As expected, Flag-3C increased the amount of cleavage product in a dose dependent fashion (Fig. 2e) . In contrast, ectopic expression of Flag-3C had no effect on endogenous of b-actin. These results indicate that ZAP is a target of EV-A71 3C in mammalian cells.
Effects of EV-A71 infection on ZAP protein expression
Based on above results, we wondered that EV-A71 may reduce ZAP protein expression in infected cells. As such, HeLa and RD cells were mock infected or infected with EV-A71. At different time points post-infection, cell lysates were subjected to Western blot analysis. As shown in Fig. 3 (a), HeLa cells constitutively expressed ZAP and b-actin. Remarkably, the level of ZAP was decreased as virus infection progressed (lanes 2-6). This was most evident at 30 h after infection (lane 6) and reproducible in several experiments. At 30 h after infection, EV-A71 reduced ZAP by approximately 50 % (Fig. 3b) . Western blot analysis verified the expression of 3C and VP1 (lanes 2-6). We also examined the impact of EV-A71 in RD cells. As shown in Fig. 3(c) , following EV-A71 infection, the level of ZAP was decreased, and this was paralleled with 3C expression, whereas little change was seen on the expression of b-actin. The cleaved ZAP fragment appeared as a 40 kDa band in EV-A71-infected RD cells (Fig. 3c) . At 15 h after infection, EV-A71 reduced ZAP by approximately 70 % (Fig. 3d) . Next, upon infection with increasing doses of EV-A71, cleavage of ZAP was seen in RD cells (Fig. 3e) . These results indicate that EV-A71 infection reduces the protein expression of ZAP in infected cells. The protease activity of 3C is responsible for ZAP cleavage To test whether 3C functioned via protease activity, we assessed ZAP cleavage in the presence or absence of rupintrivir, an inhibitor against 3C protease [23] . As illustrated in Fig. 4(a) , Flag-3C mediated ZAPL cleavage, resulted in a 40 kDa protein band (lanes 2 and 3), and the cleavage was inhibited in the presence of rupintrivir (lanes 5 and 6). To corroborate this result, we further assessed ZAP cleavage in the presence or absence of Z-VAD-FMK, a pancaspase inhibitor. Treatment with Z-VAD-FMK did not inhibit this cleavage (Fig. 4b) , suggesting that the cleavage was induced by 3C but not by caspases [5, 24] . In addition, the proteasome inhibitor MG132 [25] , the lysosome inhibitor NH4Cl [25] , or the autophagy inhibitor 3MA [26] , nearly had no effect on 3C-mediated ZAPL cleavage (data not shown). These results together indicate that the 3C protease activity is involved in ZAP cleavage.
In addition to being a viral protease, EV-A71 3C also possesses RNA binding activity [27] . We further constructed a panel of 3C mutants. We first confirmed that these mutants were expressed at comparable levels as measured by Western blot analysis. As shown in Fig. 4 (c), H40D substitution in the active site of EV-A71 3C disrupted the protease activity. As shown in Fig. 4(d) , when expressed in 293 T cells, wild-type 3C induced ZAPL cleavage compared to the pCAGGS control (lanes 1). In contrast, H40D failed to mediate ZAPL cleavage (lanes 3). R84Q or V154S, which lost the RNA binding activity of 3C, retained the cleavage activity on ZAPL (lanes 5 and 7). Similar results were observed on the cleavage of ZAPS (Fig. 4e) . These results together indicate that the protease activity of EV-A71 3C is critical for ZAP cleavage.
Glutamine 369 and glycine 370 pairs within ZAP are required for 3C-induced cleavage As ZAP cleavage produced 40 kDa (N-terminal) and 60 kDa (C-terminal) products, we inferred that the cleavage site(s) might locate in amino acids 319-419 (Fig. 5a ). To test this, a series of C-terminal deletion mutants were constructed, tagged with GFP at the C-terminus and HA at the N-terminus (Fig. 5a ). The size of these mutants was approximately 70 kDa which was equal to the size of the deletion mutants tagged with GFP. These mutants were expressed along with a control GFP construct or Flag-3C in 293 T cells. Cell lysates were analysed by Western blot. As shown in Fig. 5(b) , the ZAP deletion mutants, 1-385 and 1-419 were cleaved in the presence of Flag-3C (lanes 5 and 7). When anti-HA was used to visualise the cleavage products of N-terminal ZAP deletion mutants, the difference in the molecular weights between the uncleaved and cleaved N385 or N419 could be explained by the loss of the C-terminal amino acids linked to an additional GFP incorporated at the C terminus derived from the cloning vector. Anti-GFP treatment of N385 or N419 generated an approximately 30 kDa band (the C-terminal amino acids plus extra 27 kDa sequence that resulted from GFP). In contrast, 1-319 and 1-352 were resistant to 3C cleavage (lanes 1 and 3). Thus, the ZAP cleavage site may locate between amino acids 352 and 385 (Fig. 5a ). This region has one glutamine which resembles the Q-G/Q-S sequence of proteolytic sites for enterovirus 3C.
To define the putative ZAP cleavage site, we constructed ZAP mutant. As illustrated in Fig. 5 , wild-type ZAP was cleaved by Flag-3C, resulting in a 40 kDa (N-terminal) band (Fig. 5c ) and a 60 kDa (C-terminal) band (Fig. 5d) . However, Q369A substitution in ZAP lost this activity, indicating that the Q369-G370 pair junction in ZAP is essential for its cleavage mediated by EV-A71 3C.
Cleavage of ZAP by EV-A71 3C reduces its functional activity pXMRV-luc is an XMRV vector composed of 5¢LTR of XMRV, luciferase coding sequence and 3¢LTR of XMRV, and the antiviral activity of ZAP against XMRV-luc is dependent on the expression level of ZAP. In the reporter assays, ZAP expression significantly inhibited XMRV-luc expression, which was reported to be sensitive to ZAP [28] . To measure the impact of ZAP cleavage, we next tested the effect of 3C variants on XMRV-luc expression inhibited by ZAP in reporter assays. As shown in Fig. 6(a) , wild-type 3C, R84Q or V154S did inhibit the functional activity of ZAP and this paralleled with ZAP cleavage, whereas H40D could inhibit pXMRV-luc activation. Previous studies of ZAP have shown that it prevents the accumulation of viral RNA by targeting specific sequences largely found in 3¢ or 5¢untranslated region (UTR) of viral RNA [15, 16, 28] . Notably, we further mapped the ZAP-responsive elements (ZREs) to the 3¢UTR and 5¢UTR of the EV-A71 RNA (Fig. S1 , available with the online version of this article). A similar result was also observed for the pGL3-EV-A71-3¢UTR and pGL3-EV-A71-5¢UTR (Fig. 6b, c) . These results indicate that the protease activity of 3C is critical for ZAP activity.
Finally, we tested whether ZAP is functionally linked to EV-A71 infection. To assess the consequence of ZAP cleavage, we generated two ZAPL mutants that mimic the cleaved synthesis. 293 T cells were transfected with plasmids encoding ZAPL or the empty vector as a control. At 12 h after transfection, cells were infected with EV-A71. At the indicated time points, total RNA extracted from cells were analysed to assess the expression of EV-A71 VP1 RNA. GAPDH was used as an internal control. (e) Knockdown of ZAPL promotes EV-A71 infection. 293T cells were transfected with ZAP targeting or control siRNAs for 24 h followed by infection with EV-A71 at an m.o.i. of 5. Cells were harvested at the indicated time points and protein levels of 3C and VP1 were analysed by Western blot with antibodies against ZAP, VP1, 3C and b-actin, respectively. (f) Densitometry analysis. VP1 protein bands from three independent experiments (panel e) were quantified and normalised to b-actin by using the Image J software. Data shown are a representative of three indepdedent experiments. (Student's t test;*, P<0.05, **, P<0.012). products. As shown in Fig. 6(d), 369N represents the aminoterminal fragment whereas 369C represents the carboxyl terminal fragment. 293 T cells were transfected with ZAPL, 369 N, 369C or pCAGGS. This was followed by EV-A71 infection for 12 h and lysates were analysed by Western blot. The wild-type ZAP reduced viral protein production. In contrast, differing from wild-type ZAP, neither 369 N nor 369C mutant reduced the production of VP1 and 3C (Fig. 6e) . Consistently, in virus titration analysis, ZAP inhibited EV-A71 replication. In contrast, 369 N and 369C mutant nearly displayed no inhibitory effect (Fig. 6f) . These data indicate that overexpression of ZAP inhibits EV-A71 replication and such inhibitory effect can be abolished following cleavage by 3C.
DISCUSSION
Type I interferons play critical roles in host innate immunity against viral infections [29] . In acute infection by viruses that cause serious pathogenesis and death within a few days after infection, protection is mainly provided by the intrinsic antiviral actions of IFN-induced proteins encoded by a number of ISGs [30] , and ZAP is one of ISG induced early after viral infection. Virus-mediated induction of ZAP depends on a direct IRF3 action or Jak-Stat signaling after infection [31] . It is known that EV-A71 has evolved strategies to repress type I IFN induction to facilitate an effective infection [32] [33] [34] [35] . Of note, although EV-A71 inhibits type I IFN responses in infected cells, a significant induction of ZAP mRNA was observed in cells upon EV-A71 infection. The effect of ZAP on EV-A71 replication has yet to be investigated.
In the current study, we demonstrate that EV-A71 infection reduces the expression level of ZAP and that ZAP inhibits EV-A71 replication, implying a dynamic equilibrium 3) and Flag-HA-Q369A (lanes 4-6), along with Flag-3C (lanes 2, 3, 5 and 6) or pCAGGS (lanes 1 and 4) . The cells were processed for Western blot as in (b) except that anti-HA was used to visualise the C-terminal ZAPL cleavage product (*, cleaved products).
between EV-A71 and ZAP which controls EV-A71 infection. In infected cells, EV-A71 reduced the level of ZAP, showing that the reduction of ZAP after EV-A71 infection but the cleaved products were only observable at the late stage (15 h) in RD cell. This might be attributed to a low level of cleaved products early in EV-A71 infection [4] and preferential cleavage of viral polypeptide by 3C. We further reveal that over-expression of ZAP resulted in the inhibition of EV-A71 VP1 protein expression, while knockdown of ZAP resulted in the upregulation of EV-A71 VP1 protein.
The effect of ZAP on the production of EV-A71 virus was also tested, showing that, in EV-A71-infected cells, overexpression of ZAP reduced the viral titers. These data together indicate that ZAP represents an important host antiviral factor against EV-A71 replication. Nevertheless, due to the viral 3C proteinase-mediated counteraction, ZAP expression only has moderately effect on EV-A71 replication.
EV-A71 3C was reported to be capable of cleaving CstF64 in the polyadenylation machinery [8, 36] . Subsequent studies have revealed that EV-A71 3C mediates the cleavage of TRIF, IRF7, TAK1 and TAB2 complex to escape host immunity [4] [5] [6] . EV-A71 3C seems to have evolved the capability to antagonise ZAP. When expressed in mammalian cells, 3C could mediate proteolytic cleavage of ZAP and such activity was insensitive to inhibitors of proteasomes, caspases, autophagy and endocytosis. On the other hand, this activity was sensitive to an inhibitor of the 3C protease, implying that EV-A71 3C is a viral protease of ZAP. This notion is supported by the following evidence. Firstly, the catalytic triad mutant of EV-A71 3C was ineffective on inducing ZAP cleavage, whereas mutants defective in RNA binding retained the activity. Secondly, the ZAP cleavage site shares the signature sequence of 3C proteases encoded by picornaviruses. However, we cannot detect a direct interaction between 3C and ZAP in our co-immunoprecipitation assays (data not shown). One possible explanation is that 3C protease induces cleavage through an unknown factor. Another possibility is that the interaction is too weak to be detected under the current experimental conditions. 3C-mediated ZAP cleavage reduced but not completely abrogated ZAP in EV-A71-infected or 3C-transfected cells, likely reflecting the limited stability of 3C in infected cells [37, 38] or preferential cleavage of other proteins such as CstF64, TRIF, IRF7, TAK1 and TAB2 complex.
Previous studies have suggested that the antiviral activity of ZAP is mediated by its N-terminal domain, which binds directly to specific viral mRNAs and promotes the degradation of these mRNAs by recruiting cellular mRNA degradation machinery [15, 17, 18, 39] . More recently, the C-terminal PARP domain of ZAPL has been shown to play a role in the antiviral activity against influenza A virus [40] . In the present study, we speculated that ZAP may inhibit EV-A71 replication through targeting both 3¢UTR and 5¢UTR of EV-A71 RNA. Moreover, we also tested whether ZAP inhibition on EV-A71 replication was antagonised by 3C and found that 3C expression influenced the antiviral effect of ZAP, which is in line with the experiment of ZAP inhibition on XMRV replication was antagonized by 3C. In addition, EV-A71 3C could suppress ZAP activity which raises the question as to how EV-A71 3C modulates ZAP activity. In this study, we noted that 3C induced-ZAP cleavage occurred within TPH domains (aa241-580). A TPH, or TiPARP homology domain is conserved among ZAP paralogs and contains a fifth zinc finger motif [41] , although much less is known about the antiviral role of this domain. Our results suggest that ZAP cleavage occurs at the Q369-G370 pair, which leads to two cleaved products: the N-terminal fragment with four zinc fingers and the C-terminal fragment with WWE and PARP domains. The WWE domain has been predicted to mediate specific protein-protein interactions in ubiquitin and ADP-ribose conjugation proteins [41] . Further studies show that the presence of the PARP-like domain in the ZAPL significantly enhances the restrictive capability against some viruses [11, 42, 43] . In our study, Q369A substitution lost the cleavage, indicating that this is likely to be an EV-A71 3C cleavage site. Intriguingly, differing from wild-type ZAP mutants, the two cleaved products failed to reduce EV-A71 replication significantly. One probability is that such cleavage may uncouple the N-terminal CCCH domain from the WWE or PARP domain. Alternatively, ZAP cleavage may simply destroy the TPH domain, resulting in non-functional ZAP. The above models are not necessarily mutually exclusive.
Given that 3C is a highly conserved viral protein in human enteroviruses and that the cleavage site of ZAP resembles a signature Q-G sequence of proteolytic sites for enterovirus 3C, we speculated that the 3C proteins of other enteroviruses also cleave ZAP. The findings in this study suggest that viral 3Cpro-mediated ZAP cleavage may represent a new mechanism of how enteroviruses evade innate immunity. Our results also suggest that ZAP may have a broader antiviral spectrum and thus is an important antiviral effector.
Taken together, our study has revealed for the first time that ZAP decreases EV-A71 replication. We further attest that the antiviral activity of ZAP is antagonised by enterovirus protease 3C during infection, adding another layer of complexity to the immune evasion strategies evolved by these important viral pathogens. Findings in this study are not only important for elucidating the cellular factors involved in EV-A71 replication, but also for the development of potential new strategies against EV-A71 replication. The EV-A71 BrCr strain was obtained previously from the Institute of Medical Biology, Chinese Academy of Medical Science [44] . Cells were infected with EV-A71 at the indicated multiplicities of infection (MOI). After 2 h, the inoculum was removed, and fresh medium with 2 % FBS was added. Culture supernatants were collected at various times postinfection and stored at À80 C. Virus titration was performed using RD cells in 96-well plates and were determined as the 50 % tissue culture infectious dose (TCID50) using the ReedMuench formula [45] .
METHODS

Plasmids
The pcDNA4/HA-human ZAP (L) and pcDNA4/HAhuman ZAP (S) plasmids which have the HA tag at the N terminus were gifts from Harmit S. Malik (Fred Hutchinson Cancer Research Center, United States of America) [11] . Flag-3C was constructed by inserting an EV-A71 3C fragment into the XhoI and SmaI sites of the pCAGGS eukaryotic expression vector [46] . The plasmids Flag-3C variants (H40D, R84Q and V154S) have been described elsewhere [27] . The plasmids expressing ZAPL and Q369 have the HA tag at the C terminus, respectively, which were constructed by inserting fragments into the BamHI and EcoRI sites of pflag-cmv2. The ZAP variants including Q369 amino acid substitution mutants were generated by overlap PCR. To construct the C-terminal deletion mutants, 36(1-319aa), 39 (1-352aa), 43(1-385aa), 46(1-419aa), fragments of ZAP cDNA were cloned into the EcoRI and BamHI sites of pEGFPN1 vector, which encode GFP fusion proteins. These deletion mutants have the HA tag at the N terminus. Full length EV-A71 cDNA clones were provided courtesy of Bo Zhang (Wuhan Institute of Virology, Chinese Academy of Sciences, China) [47] , respectively. pXMRV-luc, an XMRV vector was kindly provided by Guangxia Gao (Institute of Biophysics, Chinese Academy of Sciences, China) [28] . All variants were verified by DNA sequencing.
Antibodies and reagents
Mouse monoclonal anti-HA and mouse anti-Flag M2 antibodies were purchased from Sigma-Aldrich (St. Louis, MO). EV-A71 3C, and VP1 polyclonal antibodies were prepared by immunising rabbits with His tag-3C, and -VP1 fusion proteins, respectively. Rabbit polyclonal ZC3HAV1 antibody and mouse anti-b-actin antibody were purchased from Proteintech (Wuhan, China). Rupintrivir was purchased from SantaCruz (CA, USA). Z-VAD-FMK, Western and immunoprecipitation (IP) lysis buffers and radio immunoprecipitation assay (RIPA) lysis buffer were purchased from Beyotime (Jiangsu, China).
Western blot analysis
Transfected or infected cells were harvested and lysed with Western blotting and immunoprecipitation (IP) lysis buffer. The supernatants were obtained by centrifugation at 16 000 g for 10 min at 4 C. The supernatants of cell lysis were subjected to SDS-PAGE and transferred for 2.5 h at 4 C to PVDF membranes (Millipore). The membranes were blocked and then proteins on the membrane were incubated with primary antibodies as previously described [48] . This was followed by incubation with HRP-conjugated secondary antibody (Pierce) for 1 h at room temperature. After washing, membranes were incubated with Immobilon Western Chemiluminescent HRP Substrate (Millipore) followed by analysis using Bio-Red Imaging System.
Reverse transcription PCR
At different time points after infection, total RNA was extracted from cells by using TRIzol reagent (Ambion). First cDNA strands were generated using random primers and Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) (Promega). Realtime PCR was conducted with SYBR Green Master Mix (Bio-Rad) on a CFX Connect Real-Time PCR Detection System from Bio-Rad. The specific primer sequences were as follows: GCTGAGTTTC-CAAGGGATGAT (forward) and AGTCCTCCTGAGGA CGAAAGG (reverse) for ZAP [49] , GAAGGTGAA GGTCGGAGTC (forward) and GAAGATGGTGATGG-GATTTC (reverse) for GAPDH, GAGAGTTC TATAGGG-GACAGT (forward) and AGCTGTGCTATGTGAA TTAGGAA (reverse) for EV-A71 VP1. GAPDH expression was used as loading control.
siRNA knockdown
The siRNA specific to ZAP (siZAP, GAUUCUUUAUCU-GAUGUCATT) and the control siRNA (siCtrl) were synthesised by GenePharma (Suzhou, China) [49] . To determine the role of endogenous ZAP in EV-A71 infection, 20 pmol siRNA was transfected into the cells for 24 h, followed by infection with EV-A71. Cell extracts were collected at various time point postinfection and immunoblotted with the indicated Ab to determine the level of VP1, 3C, b-actin or ZAP.
Luciferase reporter assay
The EV-A71 3¢UTR luciferase reporter vectors containing full length were constructed by amplifying the corresponding fragments into XbalI site of pGL3-promoter vector [16] . The EV-A71 5¢UTR luciferase reporter vectors containing full length were constructed by amplifying the corresponding fragments into HindIII site of PGL3 promoter vector. 293 T cells were co-transfected with luciferase reporter plasmid, thymidine kinase promoter-Renilla luciferase reporter plasmid (Promega), and 3C or 3C variants, together with ZAP-expression or control plasmid. After 24 h, the luciferase activities were detected by the Dual-Luciferase Reporter Assay System according to the manufacturer's instructions (Promega). Each of the experiments was performed in triplicate.
Statistical analyses
Each of the experiments was repeated at least three times. Data were analysed using GraphPadPrism 6 software and presented as mean values±standard deviations (SD) from three independent experiments with each condition performed in triplicate. The P values were determined by the Student's t test, and P<0.05 were considered statistically significant.
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